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PXS64 is a stable mannose-6-phosphate (M6P) analogue which
has been shown to be an effective anti-fibrotic agent by inhibiting
the activation of latent TGF-B1. However PXS64 is insoluble in
physiological conditions. Herein, we report a multifunctional
poly(glycidyl methacrylate) (PGMA) polymeric nanoparticle
system for intracellular delivery of PXS64 in human primary scar
cells. We demonstrate the efficacy of this anti-fibrotic platform by
monitoring the expression of collagen production using an in vitro
scar model.

Skin injuries and scarring represent a huge global burden with
billions of dollars spent annually on the treatment of scars.” In
humans, wound healing occurs not through a regenerative process
that restores normal tissue architecture but through a reparative
process that results in scar formation.> As a result of significant
advances in critical care reducing mortality, the development of
scarring following severe injury remains one of the significant
barriers to function and the most visible stigma of injury. The long-
term sequelae of severe scarring includes pruritus, physical pain,
restriction of mobility and altered skin tension.>* Coupled with the
common psychological effects such as depression, sleep disorders
and poor body image perception, scarring has a long-term impact
on the quality of life of patients after significant injury.4

Scar is functionally and aesthetically inferior to normal skin® It
occurs as a result of the increased production of extracellular matrix
(ECM) that occurs after injury. This increased ECM production is
driven initially by inflammation, and is essential to reduce the risk of
infection and promote rapid repair. Once the altered matrix is
established, despite prolonged periods of remodelling, normal
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architecture is never restored.”” Transforming growth factor beta
(TGFB) is a key regulator of matrix deposition after injury, with
excessive activation linked to hypertrophic and poor scars.®’ TGFB
has a suppressive effect on the inflammatory response and
promotes the formation of granulation tissue. TGFB stimulates
fibroblasts to produce increased levels of ECM molecules including
collagen, fibronectin and matrix associated glycosaminoglycan’s
(GAGs).8 However TGFB in the matrix is stored in a latent inactive
form.® Activation requires separation of the pro-domain from the
active growth factor domain. This can be stimulated through
(M6P) groups found on the latency-
associated peptide binding to the M6P receptor. Due to the

mannose-6-phosphate

importance of this M6P interaction for TGFp activation, Mannose-6-
phosphate has long been pursued for its anti-fibrotic potential.
Studies have shown that exogenous M6P can significantly down
regulate TGFB induced collagen production in a range of in vitro and
in vivo models making it an exciting therapeutic prospect,g‘ 0 Asa
result of this, M6P was progressed through phase Il clinical trials by
Renovo, under the trade name of Juvidex® for the treatment of split
thickness skin grafts.11 Intradermal delivery of Juvidex® was shown
to significantly accelerate the wound healing process however
produced no significant effect on the extent of scar formation
observed."? This is most likely at least in part due to the difficulty in
subjectively assessing scars but is also likely to be a result of the
poor biological stability of M6P. M6P is highly vulnerable to
phosphatase degradation, a drawback considered to be a major
limitation for M6P in clinical applications.13 Hence the development
of M6P analogues with improved stability as well as suitable
delivery platforms to further enhance their stability in a biological
setting could be advantageous. Herein, we have developed a
nanoparticle delivery platform suitable for the delivery of a
hydrophobic M6P analogue, PXS64, and tested the effects of this
anti-scarring therapeutic in an in vitro model of scarring.

This study made use of PXS64 loaded polymeric nanoparticles
synthesised from poly(glycidyl methacrylate) (PGMA) cores and
containing a cationic polyetheleneimine (PEl) surface coating
(Figure 1A). PXS64 is a hydrophobic pro-drug designed by Pharmaxis
Pty. Ltd., developed to be resistant to phosphatase degradation,
which  upon cellular internalisation undergoes chemical
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Figure 1. Schematic of nanoparticle synthesis and characterisation. (A)
Schematic of the PGMA/PXS64/PEI nanoparticle synthesis process. (B)
PGMA/PXS64/PEl nanoparticle size distribution as assessed by DLS. (C)
Zeta potential of the PGMA/PXS64 nanoparticles before PEI
modification (black), and with PElI modification (red). (D) TEM image of
PGMA/PXS64/PEl nanoparticles, scale 100 nm and inset 50 nm.

modification by endogenous esterases to yield an active MG6P
. . 14-16

analogue (see supporting Figure S1). The

attachment of cationic polymers to the surface of polymeric

information,

nanoparticles has long been established as an integral modification
to enhance nanoparticle interaction with cells and in turn cellular
uptake and was therefore hypothesised to be advantageous for the
purpose of delivering the anti-fibrotic compound.17’ 18 Furthermore,
PEI functionalised nanoparticles have been demonstrated to be
non-toxic and stable from aggregation in both in vitro and in vivo
studies.” * The use of a PGMA core allowed for the covalent
attachment of the PEI chains to the nanoparticle surface as well as
the covalent attachment of rhodamine B to the nanoparticles for
fluorescent tagging in cellular uptake studies. Short chain PEl was
used for nanoparticle surface modification to avoid PEI cytotoxicity,
which has been shown to increase with increasing molecular
weight.21 The PGMA/PXS64/PE| nanoparticles used in this study had
an average hydrodynamic diameter of 154 nm (PDI 0.121) as
determined by dynamic light scattering (Figure 1B) and a final
surface charge of 27.5 + 0.5 mV following the PEI conjugation to the
PGMA/PXS64 nanoparticle surface (Figure 1C). The nanoparticles
were uniform and spherical in nature as confirmed by transmission
electron microscopy (TEM, Figure 1D and supporting information
Figure S2). Drug loading of the nanoparticles was determined via
high-pressure liquid chromatography (HPLC) where the drug loading
of the nanoparticles was calculated to be 3.06% (w/w).

The toxicity and biocompatibility of the PGMA/PXS64/PEI
nanoparticle system was assessed on human primary dermal scar
fibroblasts with the MTS assay, a measure of cell proliferation over
time.”> Proliferation was assessed at 24 and 48 h following
incubation with the PGMA/PXS64/PE| nanoparticle system up to a
maximum concentration of 200 pg/ml. No significant reduction in
cell proliferation was evident across both time points and all
concentrations (Figure 2, p<0.05). Further to this the MTS assay was
also performed for comparative PXS64 concentrations (maximum
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Figure 2. MTS cell viability assessment of human primary dermal scar
fibroblasts after treatment with different concentrations of
PGMA/PXS64/PEI NPs at both 24 and 48 h following incubation. Data
displayed as relative cell viability compared to control for each time
point + standard deviation, significance assessed with an ANOVA
followed by a Bonferroni post-hoc test with p<0.05.

concentration 20 uM) and PGMA/PEI nanoparticles without drug
loading (maximum concentration 400 pg/ml) (See Supporting
information, Figure S3). No significant difference in cell viability
between controls and both the drug alone and the nanoparticles
without drug (PGMA/PEI) treatments was evident at 48 h following
incubation.

Targeting of the mannose 6-phosphate/insulin-like growth factor
Il (M6P/IGFII) receptor has long been a highly attractive therapeutic
target due to the role this receptor plays with regards to fibroblast
cell signalling during fibrosis.™ 2 Importantly, it modulates the
activity of a variety of extracellular M6P bearing glycoproteins like
latent TGFB precursor, urokinase-type plasminogen activator
receptor, glycoprotein D of the herpes virus, granzyme B an
essential factor for T cell-mediated apoptosis and proliferin-induced
angiogenesis.24 It has been shown previously that of the M6P/IGFII
receptors, as little as 10% are found on the cell surface with the
remaining majority localized in the compartments of the cell.”® This,
coupled with a relatively long receptor half-life (t /2 &= 20h) makes
targeting only the M6P/IGFII receptors on the cell surface likely to
be less effective than an approach that can target intracellular
receptors.25 PXS64 is a lipophilic molecule, which upon cellular
internalisation, undergoes ester hydrolysis to produce an active
M6P analogue. This significantly increases its resistance to
phosphatase degradation in comparison to M6P. This coupled with
nanoparticles designed for rapid cellular uptake and in turn delivery
of the relatively more stable M6P analogue, PXS64, provides a
means to overcome the aforementioned issues associated with
M6P alone. For this study, firstly it was important to confirm that
the nanoparticle construct was able to effectively target and
associate with primary human dermal scar fibroblasts. For this the
PGMA/PEI nanoparticle construct was slightly modified via the
covalent attachment of the fluorescent dye, rhodamine B, to the
nanoparticles PGMA core. This allowed for nanoparticle tracking by
confocal imaging in an in vitro setting. Nanoparticles were
incubated with primary human dermal scar fibroblasts for 48 hours
and strong cellular association was demonstrated with the scar cells
using both confocal and fluorescence imaging (Figure 3 and S4
respectively). It was anticipated that this rapid nanoparticle
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Figure 3. Fluorescent uptake of PGMA/PEI/RhB NPs following 48 h
incubation with 10 ug/ml nanoparticles, as assessed by confocal
microscopy. Rhodamine labelled nanoparticles (red) and Hoescht
(blue) labelled nuclei, inset fluorescent overlay on bright field
image. Scale bars: 50 um with inset 20 pm.

association with fibroblasts would allow for the direct intracellular
release of the PXS64 therapeutic cargo.

Finally, the role of PXS64 loaded nanoparticles was investigated
in the scar-in-a-jar in vitro model of scarring. This model developed
by Chen and Raghunath is a highly relevant model of scarring
avoiding the long cell culture times (4-6 weeks) required for similar
fibroplasia models.”*?® The scar-in-a-jar model makes use of the
stimulating effects of TGFB, similar to common fibroplasia models,
however it is able to accelerate the amount of collagen deposition
due to the addition of ‘crowding’ macromolecules to the cell media
to produce a ‘scar like’ cellular environment.”® Another advantage
of this model is that the collagen deposited can be imaged and
assessed in its native state where other models often require
destructive pre-solubilisation of the deposited collagen for
quantification. Human primary dermal scar fibroblasts were
stimulated with TGFB and induced into a ‘scar like’ state with the
introduction of macromolecular crowding media (see Supporting
Information for methods). The cells were treated with either
PGMA/PEI nanoparticles (no drug loaded) or drug loaded
PGMA/PXS64/PEl nanoparticles and the effect on collagen
deposition assessed with immunocytochemistry and fluorescence
microscopy. PGMA/PXS64/PEIl drug loaded nanoparticles were able
to induce a significant reduction in the amount of collagen
deposited per cell (approximately 60% reduction) even at a
concentration as low as 4 pg/ml, which corresponds to a PXS64
total drug concentration of 0.2 uM (Figure 4A). Free drug PXS64
treatments in the same model found a 70% reduction in collagen
expression with a concentration of 1 uM, and complete inhibition of
collagen deposition at a concentration of 10 uM (See supporting
information, Figure S5). Immunocytochemistry of collagen | clearly
demonstrates a reduction in collagen deposition per cell with
treatments of PGMA/PXS64/PEl and PXS64 alone both showing
significant reductions in the deposited collagen (Figure 4B — 4E). At
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Figure 4. Collagen deposition analysis and morphology observation
from scar-in-a-Jar in vitro study. A. Collagen deposition per cell (area
deposited) treated with different concentrations of PGMA/PXS64/PEI|
or PGMA/PEI NPs (no drug). Fluorescence microscopy images of the
deposited collagen morphology for B. control (no treatment) C.
PGMA/PEI NPs (200 pg/ml), no drug, D. PGMA/PXS64/PEI NPs (200
ug/ml), E. PXS64 alone (10 puM). Data displayed as mean * standard
deviation, significance assessed with an ANOVA followed by a
Bonferroni post-hoc test with p<0.05. Scale bar: 100 um.

equivalent levels of PXS64 delivered as either free drug or from
within the PGMA/PEI nanoparticle delivery vehicle, the level of
collagen inhibition was similar. It is anticipated that the lipophilic
nature of the PXS64 will result in a sustained release effect from the
nanoparticle. This potential effect is difficult to assess in a short
term in vitro model but likely to have benefits for long-term scar
therapies and in an in vivo setting.

Herein we have demonstrated the effective loading of a lipophilic
MG6P analogue in a suitable nanoparticle platform to enhance its
cellular uptake for application in the treatment of scarring. The
drug-loaded nanoparticle elicited no toxic side effects when
assessed in human primary dermal scar fibroblasts and the
nanoparticles were proven to associate rapidly with these cells as
assessed by confocal microscopy. The drug-loaded nanoparticles
reduced the amount of collagen secretion of human primary dermal
scar fibroblasts in a recognised in vitro scar model. The role of
nanoparticle-assisted delivery has the potential to greatly enhance
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the application of M6P analogues in scar treatment and the role of
PXS64 in the reduction of collagen presented here suggests clinical
potential for this delivery mechanism in the use of anti-fibrotic
agents.

Experimental

Nanoparticle synthesis and characterisation

All nanoparticles were synthesized making use of an emulsion
synthesis protocol described previously19 and detailed in full in the
electronic supplementary information. Dynamic light scattering
(DLS) measurements of size and zeta potential of nanoparticle
preparations were performed on a Malvern Zetasizer instrument.
Samples prepared for transmission electron microscopy (TEM)
analysis were prepared by depositing onto carbon-coated grids and
imaged at 120kV on a JEOL JEM-2100. High Performance Liquid
Chromatography (HPLC) analysis was conducted on a Waters 2695
instrument with a Waters 2489 UV/Vis detector. Samples were run
on a C18 column with an acetonitrile/water gradient solvent system
(both containing 0.1% trifluoroacetic acid), flow rate of 1ml/min
and absorbance detected at a wavelength of 280nm.

Cell Culture

Human primary fibroblast scar cells used herein were cultured in
T75 flasks in a humidified atmosphere containing 5% CO, at 37 °C,
and maintained in DMEM/F12 medium containing fetal bovine
serum (10% v/v) and penicillin/streptomycin (1% v/v). Cell viability
measurements were carried out using the CellTiter 96® Aqueous
One Solution Cell Proliferation Assay (MTS; Promega) following
standard protocols. Scar-in-a-jar analysis was conducted following
previously published procedures26 and is outlined in full in the
electronic supplementary information.
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